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Adaptive animal behaviors depend upon the precise development of the nervous system that underlies them. In Drosophila melanogaster, the
pan-neural prospero gene (pros), is involved in various aspects of neurogenesis including cell cycle control, axonal outgrowth, neuronal and glial
cell differentiation. As these results have been generally obtained with null pros mutants inducing embryonic lethality, the role of pros during later
development remains poorly known. Using several pros-Voila (prosV) alleles, that induce multiple developmental and behavioral anomalies in the
larva and in adult, we explored the relationship between these phenotypes and the variation of pros expression in 5 different neural regions during
pre-imaginal development. We found that the quantity of pros mRNA spliced variants and of Pros protein varied between these alleles in a tissue-
specific and developmental way. Moreover, in prosV1 and prosV13 alleles, the respective decrease or increase of pros expression, affected (i)
neuronal and glial cell composition, (ii) cell proliferation and death and (iii) axonal-dendritic outgrowth in a stage and cellular context dependant
way. The various phenotypic consequences induced during development, related to more or less subtle differences in gene expression, indicate that
Pros level needs a precise and specific adjustment in each neural organ to allow its proper function.
© 2007 Elsevier Inc. All rights reserved.Keywords: Prospero; Central nervous system; Antenno-maxillary complex; Mitotic activity; Glial cell; Neuronal cells; DrosophilaIntroduction
Animal behavior, if it is adaptive, depends upon the proper
development of the underlying neuronal network, implying a
precise genetic control of neuronal development (Baker et al.,
2001). As single genes (and their mutations) often have
pleiotropic effects, a major challenge of biology is to analyze
the various levels (molecular, genetic, developmental, cellular,
physiological, behavioral, evolutionary) at which each gene
intervenes (Hall, 1994a). Moreover, given that complex
behavioral phenotypes are composed of multiple traits, the⁎ Corresponding author. Fax: +33 380396289.
E-mail address: Fawzia.Baba-Aissa@u-bourgogne.fr (F. Baba-Aissa).
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0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2006.12.016detailed genetic analysis of such behaviors using mutations can
pinpoint subtle alterations of developmental genes (Greenspan,
1997, 2001).
Having many available mutations, Drosophila melanogaster
is the ideal organism to assess the effect of developmental genes
on behavior (Baker et al., 2001; Hall, 1994b; Toma et al., 2002).
However, most Drosophila mutations used are null alleles (i.e.,
no protein produced) and there are several difficulties using
such mutants to study the development of behavior. These
mutations which induce embryonic lethality (Lindsley and
Zimm, 1992) (www.flybase), for example, cannot be used to
study preimaginal development and larval or adult behavior.
Some of these null mutations can be used in a clonal fashion in
an otherwise normal organism (i.e., a mosaic) to study the
biological interaction between mutants and control tissues
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study the effect of the mutation on the whole organism. Finally,
given that null mutations induce the complete loss of one or
several specific product(s) that normally interact with other
factors, these mutations can drastically disrupt biological
pathways and networks in a way that can mislead us about
normal development (Greenspan, 1997; Van Swinderen and
Greenspan, 2005).
prospero (pros) is a pan-neural gene involved in varied
aspects of neuronal development in the central and in the
peripheral nervous systems (CNS/PNS). In brief, pros encodes
an atypical homeodomain protein (Pros) expressed in all neuro-
nal lineages (Chu-Lagraff et al., 1991; Doe et al., 1991;
Matsuzaki et al., 1992; Vaessin et al., 1991). “Loss-of-function”
and “ectopic expression” studies in Drosophila embryos
showed that pros affects mitotic activity by regulating several
other cell cycle genes (Li and Vaessin, 2000; Liu et al., 2002) as
well as axonal and dendritic outgrowth (Gao et al., 1999;
Vaessin et al., 1991). Pros is also important for glial de-
velopment (Akiyama-Oda et al., 1999; Freeman and Doe, 2001)
and thus represents a key factor for neuronal vs. glial dif-
ferentiation. In the CNS, Pros plays at least two antagonistic
roles: it can promote or inhibit cell cycle exit depending on the
cellular context (Griffiths and Hidalgo, 2004; Li and Vaessin,
2000; Liu et al., 2002).
We previously characterized a large set of pros-Voila alleles
(prosV), all derived by remobilization from the same variant
allele (prosV1) that contains a PGal4 transposable element
inserted at 216 bp of the pros coding region (Balakireva et al.,
1998, 2000; Grosjean et al., 2001). These variant prosV alleles
showed several pleiotropic effects of pros on post-embryonic
developmental and behavioral phenotypes (Grosjean et al.,
2001, 2003). A clear relationship was found between the size of
the transposon fragment, the stage of developmental lethality
(from larvae to late adult), the density of synaptic ramification
and connection at the larval neuro-muscular junction, and the
degree of alteration (i) of two larval behaviors (locomotor
activity and taste response), and (ii) of adult male courtship and
locomotor activity (Grosjean et al., 2003, 2004). Moreover, the
intensity of Pros protein detected in the embryonic precursor of
the antenno-maxillary complex (AMC, prefigurating the future
larval chemosensory organ; Stocker, 1994) was related to the
degree of alteration of larval taste and locomotor behaviors
(Grosjean et al., 2003). Briefly, the prosV mutant alleles
containing a large fragment inserted showed the most
dramatically affected embryonic and/or larval viability and
phenotypes, whereas milder alleles – with a smaller fragment
inserted – showed more subtle defects during later develop-
ment, and sometimes only affecting adult male-specific
behaviors (Grosjean et al., 2004).
To further investigate the functional link between develop-
mental and behavioral phenotypes, we have compared four
prosV alleles for (1) their levels of Pros in 5 embryonic neural
tissues in late embryo and (2) their levels of two pros mRNAs
transcripts during embryonic and larval development. We found
that the quantity of pros mRNA and Pros protein varied
between different regions of the peripheral nervous system andof the central nervous system (CNS), in a non-linear manner
during embryonic and larval development. We have also found
that these variations affected in a subtle manner the mitotic
activity and the pattern of neuronal and glial cells during pre-
imaginal development, indicating that a fine control of pros
level is necessary to allow the correct development of the
nervous system.Materials and methods
Drosophila strains and alleles
Strains used are the wild-type Canton-S (Cs) strain; prosV1, an enhancer-
trap line containing a PGal4 transposon inserted 216 pb upstream of pros
transcription initiation site (Voila1 or V1 is a larval lethal allele; Balakireva et al.,
1998; Grosjean et al., 2001, see also Fig. 1); prosV17, a pros null allele (V17 is
embryonic lethal); prosV13 (V13 is lethal during early imaginal life), prosV14
(V14 where the transposon has been precisely excised is fully viable) (Grosjean
et al., 2001, 2003, 2004).
Strains were kept at 25 °C under a 12 h dark/light cycle on standard
cornmeal and yeast medium. V1, V13 and V17 alleles were maintained over a
TM3, Sb Krüppel-Gal4 UAS-GFP balancer chromosome (Bloomington #5185)
allowing to distinguish homo- and heterozygous genotypes during late
embryonic stages: Genotypes were screened under UV light using the
presence/absence of the fluorescence pattern driven by the GFP balancer
chromosome. A description of the balancer chromosomes (and their associated
mutations) used in this study can be found in Lindsley and Zimm (1992) and in
Sullivan et al. (2000).
Pros quantification in embryos
To quantify Pros expression, we used the method described in Grosjean et
al. (2003). Stage 14, 15 and 16 embryos were collected from 2% agar plates
containing 2% ethanol and 1% acetic acid, and dechorionated for 2–3 min in 6%
bleach solution, rinsed extensively with water, and hand picked under UV,
according to genotype. Homozygous embryos where then fixed (3.7%
formaldehyde in PEM) and incubated with the MR1A mouse anti-Prospero at
1:4 dilution, then with Cy3 rabbit anti-mouse at 1:100 (Sigma). MR1A
monoclonal antibody recognizes the Prospero C-terminal residues of both S and
L isoforms (Spana and Doe, 1995). Fixation and immunohistology were
performed with standard methods (Sullivan et al., 2000). Digital images of
embryos were made with a black and white camera (Coolsnap Photometrics;
Princeton Instruments) coupled to a fluorescent microscope (20×; Leica
DMRB). Intensity of staining in the 5 selected neural regions was quantified
in standardized images (exposure time: 200 ms; image scaling: 0–4075,
binning: 1, 16 bits, γ=1.5, TIFF format; Princeton instruments) with Metavue
software. Measures were taken in twenty spots corresponding to 20 different
cells within each neural region and were averaged for each embryo. Basically,
the focal plane with the best definition was retained and the 20 spots showing
the clearest signal were selected. Cells were characterized for both their shape
and size, but we could not assume whether they were neuronal, glial or sheath
cells. Pros was always expressed (even at a low level) in V1, V13 and V14
embryos, at a level that was higher than the background noise which was
constant in all tissues of V17 embryos (This background value was subsequently
deduced from all the values obtained for the other genotypes; see Fig. 2B).
Protein quantification in larvae could not be performed in situ: the presence of
the thick cuticle reduces the penetration of the antibody inside the cells.
Therefore, possible variation between alleles can be generated by technical
artefact rather than by real modification of the Pros expression between the
different mutants.
Analysis of neural defects in embryos and larvae
For staining experiments, embryos were incubated with various primary
antibodies: mouse monoclonal 22C10 diluted at 1/500 (an antibody marker for
Fig. 1. Relationship between genomic structure, developmental lethality and larval taste response in various prosValleles. On the left, a schematic representation of the
pros locus is shown for the different alleles. In prosV1 (V1) the full length PGal4 transposon is inserted upstream of Pros coding region; prosV13 (V13) contains a
fragment of the transposon; In prosV14 (V14) the transposon has been precisely removed restoring the wild type phenotype while in prosV17 (V17), a null allele,
166 pb upstream of the +1 initiation and a part of the pros coding region has been deleted. On the right, two phenotypes associated with these alleles (when
homozygous) are shown: the peak of developmental lethality and the taste response of late 2nd instar larvae (redrawn from Grosjean et al., 2001, 2003).
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marker; given by A. Giangrande); mouse monoclonal anti-BP102 at 1/100
(a marker of the ventral region of the CNS; Seeger et al., 1993); rabbit anti-
Repo at 1/2000 (a glial marker; given by A. Giangrande and Joachim Urban),
and rabbit anti-phosphohistone H3 at 1/1000 (p-Histone H3, a marker for
mitotic activity; Sigma). Visualization of these primary antibodies was possible
with the following secondary antibodies: anti-mouse Cy3 at 1/100 (Sigma);
anti-mouse Alexa 568 and Alexa 594 at 1/200 (Molecular probes, USA), anti-
goat Cy2 at 1/250 (Sigma); anti-rat Alexa 488 at 1/400 (Molecular probes,
USA); anti-rabbit Alexa 488 at 1/400 (Molecular probes, USA). Immunohis-
tology was performed with standard methods (Sullivan et al., 2000). Embryos
were mounted on Vectashield (Vector Laboratories, CA) before their
observation under a fluorescence microscope (Leica DMRB) or a confocal
microscope (Leica 4SD).
The larval nervous system was studied on young 3rd-instar larvae which
were transversally opened by having their cuticle cut near the mouth hooks
with fine needles. Internal organs were carefully removed to enhance the
exposure of the larval CNS and PNS. Larvae were fixed for 15 min in 4%
paraformaldehyde in PBS 1 ×. Specimens were preincubated for 1 h in PBT
(0.1% Triton X-100 in PBS)–0.2% BSA. Primary and secondary antibody
incubations, washes, mounting and observation were carried out similarly as
for embryos.
To determine the number of cells of each type, staged Drosophila embryos
and larval brains labeled with the appropriate markers were viewed by
confocal microscopy. Complete series of optical sections were taken at 0.7 nm
interval and digitized images were imported into the IMARIS 4.0 software
program to generate 3D reconstructions. In some neural area, a reliable score
of the different cell types could not be provided. This was the case for Elav+
cells in the AMC of embryos and for both Elav+ and Pros+ cells in the optic
lobes of larvae which were present at a very high density: they were so
clustered that they could not be clearly delimitated and counted. Thus, for
these particular cell clusters, no quantification is given in this study.
TUNEL labeling of embryos
Stage 16 embryos were dechorionated with the previously described
method, fixed in 4% paraformaldehyde, PBS with heptane, and devitellinized
with methanol. After several washes with PBS plus 0.1% Triton (PBT), embryos
were incubated in a permeabilization solution (0,1% sodium citrate–Triton
0,1%) for 2 min, and rinsed in PBT. Finally, embryos were incubated in the
TUNEL reaction mixture (Roche) for 1 h at 37 °C and washed in PBT. Theywere mounted in Vectashield (Vector Labs) to be analyzed under fluorescence
microscope.
Q-PCR on embryos and larval AMC and brain
RNA extractions from stage 16 embryos and third instar larvae were carried
out according to the TRIzolTM Reagent protocol (Invitrogen). Third instar
larvae were collected 30 min after metamorphosis and neural regions were
dissected in RNA laterTM (Ambion). To remove traces of genomic DNA, the
extracted RNA was digested with RQ1 RNase free DNase (Promega). Reverse
transcription of 2 μg total RNAwas performed in 20 μl with 10 U of Superscript
II RnaseH free reverse transcriptase (Invitrogen), 0.5 mM of each dNTP, 10 U of
ribonuclease inhibitor (RnaseOutTM, Promega), 10 mM DTT and 12.5 ng/l
random hexamers (Promega) in 1× First Strand Buffer (Invitrogen).
Real-time PCR reactions were performed with 1:10 diluted cDNA (made
from 2 μg of total RNA) with 12.5 μl of 2× SybrGreen PCRmaster mix (Applied
Biosystems), 0.2 mM of each specific primers (Primers were designed to amplify
pros-L and pros-S mRNA forms separately: pros-L F 5′CCTACTATATC-
CTTTTA3′ and R 5′ATGTAGAAGAGTGCAAAGG3′; pros-S F 5′ TCGCC-
GGACTACAAGACCT3′ and R 5′GTAGAAGAAGTAGGAGCCATG3′) or
control primers (actine 5C F 5′GCCCATCTACGAGGGTTATGC3′ and actine
5C R 5′CAAATCGCGACCAGCCAG3′) in a final volume of 25 μl. These
primers were designed using the software Primer Express™ (Applied
Biosystems) parameters. For all reactions, each sample was duplicated on 96-
well plates with optical sealing tape, and signals were measured with the ABI
Prism 7000™ Sequence Detection System software (Applied Biosystems). All
signal thresholds to be compared were standardized with the actin 5C mRNA.
Statistics
To compare the number of cells or the amount of mRNA between alleles, we
used a Mann–Whitney U test. To compare Pros level between tissues, alleles,
and stages, we used ANOVA, and a post-hoc PLSD Fisher test to compare
samples two by two.Results
Previous measurement of Pros level in the precursor cells
of the antenno-maxillary complex (AMC) revealed gradual
Fig. 2. Quantification of pros expression during development. (A) pros mRNA expression was measured in embryos and in 3rd instar larvae homozygous for various
prosValleles. Histograms represent the mean (±s.e.m.) amount of two prosmRNA leading to the short (S) and long (L) isoform proteins that were measured by Q-PCR
in stage16-whole embryos (left), and in dissected larval antenno-maxillary complex (AMC; pooled with pharyngeal gustatory organs) and central nervous system
(CNS; right). The level of mRNA in the two mutant alleles V1 and V13 was compared to that of the control V14 allele with the same genetic background (represented
by the dotted line at 100%). Significant difference were tested with a Mann–Whitney U test, is shown above bars: *p<0.05; **p<0.01. N=6. (B) Pros level was
measured at embryonic stages 14 and 16 in 20 cells of the hemispheric lobes (brain), of the ventral nerve cord (VNC), of the precursor antenno-maxillary complex
(AMC), of the lateral sensory organs (LNS), and in 20 cells innervating the gut (gut). The histograms represents the mean (±s.e.m.) for the relative intensity of the
signal detected by immuno-fluorescence (measured in arbitrary units, A.U.; see Materials and methods) in V14 (black), V1 (light grey) and V13 (dark grey) alleles. For
some neural regions, a significant difference (measured with a Fisher PLSD test) was found between mutant alleles and the V14 control: they are shown above bars:
*p<0.05; ***p<0.001. N=5–10, except for stage 16 in V13 (N=2).
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genotypes (Grosjean et al., 2003). To see whether similar
variation also exists in other neural regions, we measured the
levels of (i) prosmRNA and of (ii) Pros immunodetection signal
during embryonic and larval development. Four prosV alleles
were used: prosV1 (V1), which carries the complete transposon,
prosV14 (V14), from which the transposon has been precisely
removed, prosV13 (V13), which retains a small fragment of the
transposon, and prosV17 (V17), a null allele resulting from a
deletion of the 5′ end of the pros coding region (including the
ATG initiation site, Fig. 1; Grosjean et al., 2001, 2003).
Tissue- and allele dependent variation of pros mRNA
transcripts
We first measured the levels of the two major pros mRNA
spliced forms (L and S, respectively, generating a long and ashort protein isoform) in stage 16 whole embryos and in
dissected larval AMC and central nervous system (CNS; Fig.
2A). The expression of the two RNAs was differently affected
in carriers of the V1 and in V13 alleles when compared to
carriers of the control V14 allele. In V13, the L form
increased in embryos and in the larval CNS, but was not
affected in the larval AMC. In V1, either or both mRNA
forms decreased in embryos (S), and in the larval AMC (L)
and CNS (S and L). These results show that the level of both
transcripts can vary independently in different tissues, and
during development.
The level of Pros expression varies between neural regions,
developmental stages and alleles
We next used a Pros antibody to measure the level of Pros
expression in embryos at stages 14 and 16 embryos (Spana and
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CNS: the ventral nerve cord (VNC) and the brain hemispheres,
and in three regions of the peripheral nervous system (PNS): the
precursor of the antenno-maxillary complex (AMC), the lateral
nervous system (LNS), and sensory cells of the digestive tract
(gut; Fig. 2B).
Pros levels (measured in the five tissues during embryonic
stages 14 and 16, see also Fig. 2B) were similar between
Canton-S (a wild-type laboratory strain) and V14 (a strain
carrying the precise excision of the PGal4 transposon). This
indicates that the quantity of Pros is remarkably constant in a
given tissue and developmental stage. Given that V14 shares a
similar genetic background with the other prosV strains, it was
chosen to be the control strain in this study.
In control V14 embryos, the level of Pros signal varied
significantly among the five neural tissues during embryonic
development (F9,75=9.683; p<0.0001): the strongest signal
was detected in the AMC and the weakest one was found in the
VNC (Fig. 2B). Moreover, between embryonic stages 14 and
16, the level of Pros always increased in the PNS (p<0.05–
0.01) whereas it remained constant in the VNC or strongly
decreased (p<0.001) in the brain. This indicates that during
embryonic development Pros is differentially required in these
neural regions.
A comparison carried out between alleles, and between
stages 14 and 16, revealed that both V13 and V1 alleles had
significantly different levels of Pros if compared to the V14
control. More specifically, at stage 16, a higher Pros signal was
detected in the brain of V13 embryos (F19,132 =10.59;
p<0.0001) whereas it was significantly reduced in the three
PNS regions of V1 embryos (F19,132=7.546; p<0.0001). Taken
together, these data reveal that the regulation of pros in the PNS
and CNS could be uncoupled and that the spatial variation
depends on the specific prosV alleles.
Because of technical limitation, Pros could not be quantified
in-situ on larvae (see Materials and methods).
A reduced Pros expression causes axon pathfinding disruptions
in the PNS but not in the CNS
Given that V17, V1 and V14 alleles showed different Pros
levels in embryos and induced markedly different phenotypic
effects during development (Grosjean et al., 2003), we
investigated to which extent these variations could affect the
morphological development of the embryonic nervous system.
Stage 16 embryos were stained with BP102 (an axonal marker
for the CNS) and the 22C10 (specific to the PNS) antibodies.
Significant alterations were found in the ventral nerve cord
of the V17 null mutant. As shown in Fig. 3B, most axons within
longitudinal connectives failed to project across segmental
boundaries and both anterior and posterior commissures were
malformed. This pattern is similar to that described with another
pros null allele (pros17, Doe et al., 1991). In the PNS, V17
showed also a strong disruption of axon routing in the lateral
median region of the embryo, and many neural tracts connecting
the AMC to the CNS in the anterior part of the embryo were also
clearly affected (Fig. 3A).In V1 embryos, anomalies were exclusively detected in the
PNS (Fig. 3A). Interestingly, it is also the only region where the
Pros protein level decreased (Fig. 2B). The neuropile and the
axonal pathway were not affected in the VNC of this mutant
(Fig. 3B). Finally, and in accordance with our protein
quantification, V13 showed a normal phenotype both in the
PNS and in the VNC (Figs. 3A and B).
Decrease of Pros expression affects glial cell fate in the larval
AMC
The complete loss of pros function was previously found to
be associated with developmental defects in the neuronal and
glial lineages in embryos (Akiyama-Oda et al., 2000; Doe et al.,
1991; Griffiths and Hidalgo, 2004). To assess the effect of a less
drastic Pros variation on glial and neuronal differentiation, we
used Repo (a glial marker) and Elav (a neuronal marker) to study
the embryonic and larval development of the AMC and of the
CNS in prosV alleles. Although pros expression has frequently
been characterized during embryonic expression, this has rarely
been done during larval development (Ceron et al., 2001).
As expected, Pros labeling was not detected in V17 null
mutant embryos (Fig. 4B). In comparison to V14 (51.7±1.5)
and V13 (52.3±1.2), V1 embryos showed fewer Pros+ cells
(42±2.3; Table 1; see also Fig. 4A). In the AMC of control V14
embryos, some of the Pros-stained cells co-expressed Elav but
none of them co-expressed the Repo marker (Fig. 4B)
indicating that Pros was absent from these glial cells. In all
cases, the Repo cell pattern (Table 1) was not affected in any
mutant suggesting that the differentiation of these glial cells do
not require the presence of Pros. Because of technical
limitation, we could not score the Elav+ cells (see Materials
and methods) but we noted that the cluster of cells that co-
expressed Pros and Elav was clearly reduced in V1 mutant. We
believe that this effect was mostly due to the decreased number
of Pros+ cells in this region (Table 1). However, in the absence
of a reliable measure, we cannot exclude the possibility that the
number of Elav+ cells also varied.
The AMC of 3rd instar larvae (Fig. 4C, Table 1) was also
altered. In control V14, Pros expression was detected both in the
terminal organ, (mainly gustatory) and in the dorsal organ
(mainly olfactory) of the AMC. Similarly to embryos, some of
the Pros+ cells co-expressed the Elav protein but none of them
co-expressed the Repo marker. This suggests that Pros was not
inherited by Repo+ glial cells.
Surprisingly, the AMC of V1 larvae showed a complete loss
of Pros expression (Fig. 4C). This could be related to the high
apoptotic activity, which was observed in this region using
TUNEL assay (not shown). Moreover, a significant increase of
the number of glial cells (25±2.8) was seen if compared to V14
(10.2±0.2). However, this could be due to an indirect effect of
Pros.
Finally, the larval AMC of V13 showed slightly less Pros+
cells (38.3±1.5) than in V14, whereas the expression pattern of
Repo showed no alteration (Fig. 4C; Table 1). It should be
mentioned that neuronal differentiation was not affected in the
different mutants (Fig. 4C; Table 1).
Fig. 3. Morphological consequences of Pros misexpression in the embryonic nervous system. (A) Lateral view of stage 16 embryos, stained with mAb 22C10 antibody
to visualize the sensory neurons of the PNS (left) whose neural pathways were redrawn (center). V1 and V17 embryos show normal number and position of sensory
neurons but many of them present abnormal outgrowth pattern, specially in relation with the AMC (included inside the dotted circle drawn in control V14 embryo).
The PNS of V13 was not altered. (B) Ventral views of stage 16 embryonic showing axons of the ventral nerve cord (VNC) visualized with mAb BP102 antibody. In
control V14 embryos, as well as in V13, the VNC has a regular ladder-like aspect with distinct anterior (aC) and posterior commissures (pC) and two longitudinal
connectives (LC). Note that in V17 null mutant, but not in V1, aCs and pCs are fused and the LCs are missing. Orientation: anterior is left in panels A and B and dorsal
is up for panel B; Bar=60 μm. (penetrance, pe 100%, n>20).
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carrying this allele could be studied.
Pros deregulation affects neurons and glial cells differentiation
in the CNS
The differentiation of glial cells was also altered in the CNS
of V17 embryos. We did not study specific glial cell lineages,
but we noted, like others (Griffiths and Hidalgo, 2004) that in
the V17 mutant, some longitudinal glia (LG) cells were missing
(see Supplemental data). On the other hand, the pattern of these
glial cells was apparently not affected in V1 (see Supplemental
data) and V13 embryos.
The larval CNS was clearly affected by these mutations in
V1 and V13. The most dramatic difference resulted from the
incorrect subcellular localization of Pros to the cytoplasm in
many CNS cells of V1 larvae (Figs. 5C, F). This suggests that
the signal normally required to allow a proper nucleus
confinement of Pros is missing. Further analysis of the larval
CNS in these alleles was made in two selected regions of theCNS: the optic lobes (OL) and the midline region of the
VNC.
In the OL of the control V14, the Pros+ cells that co-
expressed Elav marker, formed a compact cluster (Fig. 5A).
These were probably ganglion cells (GC) as Elav was only
present in postmitotic cells and absent from GMC (Ceron et al.,
2001). Because of the high cell density in this cluster we could
not score the different cell types. However, as it could be seen
on Figs. 5A–C, it was obvious that the cluster of double-labeled
Elav/Pros cells present in V14 larvae almost disappeared in V13
and V1. Therefore, the GC cells that normally inherited Pros
decreased in this particular brain region, for both mutant alleles.
Using Pros labeling (Figs. 5B–C, within frames), we could see
that Pros+ cells were present at a lower density in this region for
both V1 and V13.
In the midline part of the VNC, we precisely scored the
different cell types. In the control V14, we found that all Pros+
cells co-expressed Repo Marker (Fig. 5D), but none of them
expressed Elav (Fig. 5A). If V13 presented a similar
distribution pattern, a higher number of glial cells (that did
Fig. 4. Pros, Elav andRepo expression in the embryonic and larval AMC.Anterior region of stage 16 embryos labeledwithMR1A anti-Pros (A), or co-labeledwith Elav
or Repo markers (B); Orientation: anterior is up. The antenno-maxillary complex (AMC) is shown within the dotted frame. As compared to V14 (see also Table 1), Pros
labeling decreases in V1 and disappears in V17 null allele. Note that the Pros+ cells can co-localized with Elav but not with Repo. (C) Labeling of the anterior region of
third instar larvae including the AMC (inside the dotted frame) with Pros, Elav or Repo antibodies. In V1, no signal was detected with anti-Pros antibody (pe 100%,
n>20) whereas Repo+ cells were present at a higher density (see also Table 1). No difference was observed using Elav marker. Since V17 individual died during
embryonic development, they yielded no viable larva. Scale bars=20 μm
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(Figs. 5B, E; Table 2). As mentioned above, V1 showed a
clear cytoplasmic localization of Pros protein in all cells of the
VNC (see higher magnification view in Fig. 5C). Interestingly,
the total number of Repo+ and Elav+ cells did not change, at
least in the midline part of the VNC (Table 2, see also Figs.
5C, F). By comparison to V14 and also to V13, the cells (not
scored) located on both side of the midline VNC and
expressing the cytoplasmic Pros showed an altered pattern:
They were present at a high density and some of them
expressed the nuclear Elav protein, suggesting a modification
of their identity.
In conclusion, each mutant allele altered pros expression in a
different manner; This means that each allele induced a
distinctive tissue-specific and developmental-stage-specific
expression pattern.Effect of pros deregulation on cell proliferation
Because of the change in the number of glial and neuronal
cells induced by each of these mutant pros alleles, and given the
role played by Pros on cell proliferation, we checked whether
the change of cells number could be related to variation in
mitotic activity and/or cell death. Mitotic cells were identified
with the anti-phospho histone-H3 antibody (pH3, a M phase
specific marker). Apoptotic activity was checked using the
TUNEL assay.
We detected no pH3 signal in the AMC of the various alleles
neither in embryos nor in larvae (data not shown). This
indicated that in this specific region, cell proliferation occurred
earlier during development stages.
More contrasting results were found in the embryonic and
larval CNS. Previous studies on embryos had revealed that loss
Table 2
Quantification of different cell type identified with Pros, Elav and Repo markers
in larval VNC midline region of the different prosV alleles
Pros+Repo+ cells Pros−Repo+ cells Total Repo+ cells Elav+ cells
V14 60.9±5.4 98.5±6.2 159.4±11.2 110.7±5.2
V1 0*** 148.3±2.1* 148.3±2.1 115.5±4.5
V13 61.5±5.1 122.6±11.2 184.2±16.4 130±6.2**
Elav+, Repo+ and Pros+ cells were counted in the midline region of the VNC.
Only cells that expressed Pros in the nucleus were scored (in V1, Pros was
always localized in the cytoplasm). All Pros+ cells co-expressed the Repo
marker. Data represent the mean (±s.e.m.) obtained with 5 to 9 larvae, for each
genotype. Statistical significance measured with a Mann–Whitney U test
performed between mutant and control genotypes is indicated as follows:
***p<0.001; **p<0.05. N=5 to 9.
Table 1
Quantification of different cell types in embryonic and larval AMC for the
different prosV alleles
Genotypes Embryos Larva
Pros+cells Repo+ cells Pros+cells Elav+ cells Repo+ cells
V14 51.7±1.5 20.2±0.8 49.2±1.3 65.8±1.4 10.2±0.2
V17 0*** 17.6±0.4 No viable larva stage
V1 42.0±2.3*** 15.7±3.2 0*** 62.3±0.9
V13 52.3±1.2 17.3±0.8 38.3±1.5* 64.8±1.6 11.6±0.6
Cells expressing Pros, Repo or Elav markers were quantified in the AMC of the
three prosV mutant alleles (V17, V1 and V13) and of the V14 control allele.
Quantification of Elav+ cells in embryos is not shown (see Materials and
methods). Data represent the mean (±s.e.m.) obtained with N=10, for each
genotype. Statistical significance was measured with a Mann–Whitney U test
performed between mutant and control genotypes and is indicated as follows:
***p<0.001; *p<0.05.
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ectopic Pros expression causes a premature termination of cell
differentiation, and a reduced mitotic activity (Li and Vaessin,Fig. 5. Pros, Repo and Elav expression in the CNS of third instar larva. All pictures show
V13 (B, E) and V1 (C, F) third instar larvae. Double-staining was performed with Pro
B, C) or Repo (green; D, E, F) antibodies. In control CNS (A, D), Pros was highly e
cells co-expressed Elav. In the VNC all Pro+ cells co-expressed Repo marker (D). In
VNC a clear hyperplasia is visible due to an excess of neurons (arrowheads). It sho
Table 2). In V1, the VNC (and to a much lesser extend the OL) shows an abnormal
C). Note that some of the cells located on both side of the midline VNC express t
pe=95%, n=20; V13, pe=85%, n=20.2000). In agreement with these data, we found an increase of
mitotic activity in V17 null mutant (Fig. 6A) and a reduced
number of pH3 labeled cells in V13 embryos (which over-
expressed Pros protein in the brain; see Fig. 2B). Surprisingly,
V1 embryo whose level of Pros protein was normal in thethe dorsal view (anterior=up) of the central nervous system (CNS) inV14 (A, D),
s (red; see also single Pros staining within the frames) and either Elav (green; A,
xpressed in the optic lobes (OL; see magnification view in panel A) where most
V13 (B), the Pros/Elav co-localization strongly decreases in the OL while in the
uld be noted that a slight excess of Repo+ cells was also observed (E, see also
cytoplasmic localization of Pros protein (see higher magnification view in panel
he cytoplasmic Pros and the nuclear Elav protein. Scale bars=25 μm. For V1,
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(Fig. 6A). To see whether the similarity between both mutants
could result of the reciprocal variation of apoptotic and mitotic
activities combined, we have used TUNEL assay. The
comparison with V14 shows that the number of apoptotic
cells largely increased in V1 (Fig. 7D). This indicates that the
decrease of pH3 labeled cells was caused by a cell loss rather
than by a decrease of mitotic activity. Therefore, it is likely that
in V1, cell proliferation is not (or only slightly) affected but
early initiation of programmed cell death induces an important
cell loss. Conversely, V13 no or very few apoptotic cells was
detected (Fig. 7A) suggesting that the decrease of mitotic
activity was mainly due to a drastic cell cycle inhibition. The
V17 null mutant showed also a high apoptotic activity combined
with a high mitotic activity (Fig. 7C). Therefore, the complete
loss of Pros expression in V17 induced a drastic upregulation of
cell proliferation, which was only partly compensated by cell
loss. Taken together, our results suggest that the precise
adjustment of Pros level is critical and is an efficient way to
modulate cell cycle control.
In contrast to the situation described in embryos, cell
proliferation was upregulated in the CNS of V13 larva (Fig. 6B)
indicating that Pros could assume divergent role during CNS
development. It should be mentioned that at this stage, the larval
CNS of V1 presented a normal mitotic activity similar to the
wild type (Fig. 6B) but it contained a high number of apoptotic
cells (data not shown).Fig. 6. Mitotic activity in the embryonic and larval CNS of various prosValleles. (A) V
dorsal=up) labeled with an anti-pHistone-H3 antibody (pH3) to reveal cell mitosis
positive cells detected in CNS of third instar larvae. Data shown in the tables indica
lobes (HC) and in the VNC. Statistical differences, measured with a Mann–Whitne
A=100 μm; in B=50 μm. pe=100% with n>20 for all alleles.Discussion
The expression of prospero (pros) greatly varies between
neural tissues and during pre-imaginal development, suggesting
that expression of the wild type pros allele is finely tuned
spatially and temporally during preimaginal development. Using
several mutant pros-Voila (prosV) alleles that induce milder
effects than the null mutant, we found that among different
alleles, pros mRNA expression and Pros levels were differen-
tially affected between tissues and developmental stages. Fig. 8
summarizes the altered phenotypes induced in the three prosV
alleles studied here (V17, V1 and V13) when compared to the
control (V14). In these alleles, pros expression increased or
decreased in a uncoordinated manner in the central and/or the
peripheral nervous systems (CNS/PNS). Moreover, the fact that
same sign variations of pros expression and/or of Pros level
differentially affected cell differentiation, growth, mitotic
activity and/or death between tissues and during development
suggests that pros expression varies with the cellular context.
Variations of pros expression level and of the number of
Pros+ cells
Our analysis of specific neural regions suggests that the
variation of pros mRNA level is not correlated with the number
of Pros+ cells: for example, a lower number of Pros+ cells was
found in the AMC and in the brain of V13 larvae where prosentral view of the ventral nerve cord (VNC) in stage 16 embryos (anterior= left,
in the mutant V17, V1 and V13 alleles, and in the V14 control allele. (B) pH3
te the mean number (±s.e.m.) of pH3 positive cells detected in the hemispheric
y U test, are indicated as follows: ***p<0.001; **p<0.05; N=5. Scale bars in
Fig. 7. Detection of embryonic cell death with the Tunel reaction. All embryos were taken at stage 16 (anterior= left). As compared to V14 (A), a high density of
apoptotic cells was detected in both the CNS and PNS of the null V17 allele (C), and in the VNC of V1 (D) embryos (pe=100% n>20). (B) DNase treatment
performed on V14 embryos is a positive control inducing ubiquitous cell death.
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mRNA can be the consequence of (i) a higher number of cells
expressing pros mRNA or/and (ii) of an increased amount of
pros mRNA per cell in a constant number of Pros+ cells. In
all cases, the variation of Pros level is not necessarily associated
with a change of the Pros+ cells number and depends on its roleFig. 8. Various effects induced by pros deregulation during development. The effect i
larval development (right). In the center, the different aspects modified by these muta
lead respectively to the short and long isoforms), level of Pros protein (detected by im
mitotic activity, of apoptotic cells; At the bottom the principal abnormal neurally-rela
of mRNA and of protein, and the number of cells are compared with those found in co
decrease, “nd” not done. All these characters were separately measured in the antenno
pros mRNAs that were measured in whole embryos. Because of technical problems, P
of neurons were not counted in embryos. 1In the brain only; 2Mainly in the VNC; 3So
them were missing in V17.on cell cycle control in each lineage. With this respect, the
translocation of Pros to GMC nuclei in the embryonic CNS was
found to restrict the capacity of cells to undergo additional
division whereas the ectopic expression of pros induced the
early termination of cell differentiation without generating
morphologic defects in postmitotic cells (Li and Vaessin, 2000).nduced by V17, V1 and V13 mutations was followed during embryonic (left) and
tions are shown from top to bottom as follows: quantity of pros mRNA (S and L
munohistology), number of Pros+ cells, of Repo+ cells, of neurons, of cells with
ted defective phenotypes observed during development are indicated. The levels
ntrol strains: 0 absence; =similarity; ascending arrow increase; descending arrow
-maxillary complex (AMC) and in the central nervous system (CNS) except for
ros level was not measured in larval tissues, and the number of Repo+ cells and
le the LG cells were studied (see supplemental data) and we found that some of
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unlikely causes an increased number of Pros+ cells.
The role of Pros is less known in the larval nervous system:
Ceron et al. (2001) have shown that Pros is only expressed in
one of the two post-mitotic GCs sibling cells that undergoes
neuron specification. Therefore, the upregulation of pros in
GCs cells could induce an early cell differentiation with the
consequence of a reduced number of Pros+ GC cells. This
hypothesis is supported by our immunocytochemistry data.
Varied effects of pros deregulation on cell differentiation,
mitotic activity, and on neural growth
The use of prosV alleles with diverse effects on the spatio-
temporal pattern of Pros expression allows us to separately alter
several aspects of the nervous system related to the known
functions of pros on (i) cell differentiation, (ii) mitotic activity
and cell death, and (iii) axonal and/or dendritic growth.
Pros controls glial cell differentiation in cellular context
dependant way
Our results show that in the in AMC, Pros is not expressed in
glial cells neither in embryos nor in larvae. Previous studies
have shown that in the lineages generated through the sequential
division of the sensory organ precursors (SOPs), Pros is
inherited by the glial cells (Gho et al., 1999; Manning and Doe,
1999; Reddy and Rodrigues, 1999a,b). Therefore, it is possible
that in the AMC chemosensory organ, glial cells are generated
through a mechanism, which does not require the presence of
Pros. The increased number of cells in the AMC may be the
result of abnormal migration of peripheral glial cells.
The situation is different in the CNS, where Pros has a
crucial role in the glial cell differentiation. During CNS
development, glial cells must be present in the correct number
and at the right spatio-temporal location to specify correct
axonal pattern, cell fate and cellular identity. Glide/gcm (glial
cell deficient/glial cell missing) and glide2 are two genes
necessary and sufficient to induce glial cell fate in the CNS and
PNS (see for review Edenfeld et al., 2005; Van De Bor and
Giangrande, 2002). Moreover, pros can maintain gcm expres-
sion in specific cell lineages (Freeman and Doe, 2001; Ragone
et al., 2001). For example, the level of gcm is sufficient to
repress neuron-specific genes but insufficient to induce glial-
specific genes in the NGB6-4T lineage of the pros null mutant
embryo (Akiyama-Oda et al., 2000; Freeman and Doe, 2001).
This suggests that a complete loss of pros function does not
allow neither neuronal nor glial cells to differentiate normally.
Although specific glial lineages were not investigated in this
study, we have noticed, that some Repo + cells derived from LG
lineage are missing in our V17 null mutant (see Supplemental
data). However, no alteration of this lineage was found in both
V1 and V13 alleles. This is consistent with the facts that (i) a
normal Pros level was detected in the embryonic VNC of V1
and V13 and that (ii) the use of BP102 antibody revealed no
defect of axonal pathway and on neuropile.
In this context, it is worth to note that in the larval CNS, the
overexpression of pros enhances the number of neural and glialcells at least in the midline region of the VNC. During the third
instar larval stage, there is a large increase of glial cells caused
by the proliferation of neuroblasts and neuroglioblasts (Pereanu
et al., 2005). The fact that glial and neuronal cells are produced
in equal excess, suggests that they are generated from a
misregulation of the cell cycle control in the NGB precursor
cells. Therefore, a slight variation of pros expression in these
embryonic precursor cells could explain the important hyper-
plasia detected in the VNC of V13 larvae.
Pros affects cell proliferation in a spatio- temporal manner
The role played by Pros in cell proliferation has yielded
contrasting interpretations. In embryonic CNS, Pros promotes
the exit from the mitotically active state of the GMC which
undergoes terminal differentiation (Li and Vaessin, 2000). Li
and Vaessin's study showed that ectopic Pros expression
inhibits cell proliferation whereas Pros loss of function tended
to increase the mitotic activity of GMCs (but induced no
substantial hyperplasia since increased mitosis was partly
compensated by the programmed death of supernumerary
cells). However, other authors found that in the CNS, Pros
was able to prevent terminal differentiation of longitudinal glia
precursors by maintaining them in an immature state with
mitotic potential (Griffiths and Hidalgo, 2004).
Can Pros variously affect factors regulating cell proliferation
during development and in different cell lineages ? In response
to this question, we found that Pros did not change the mitotic
activity of the embryonic and larval AMC. This indicates that
the induction of factor(s) controlling cell proliferation in the
AMC occurred earlier during embryonic development (stages
12–13; L. Guenin and S. Fraichard, unpublished data).
In contrast, cell proliferation is clearly affected – although
not linearly during development – in the CNS (see above).
Ceron et al. (2001) proposed that, in the larval CNS although
neuroblasts have an embryonic origin (Prokop and Technau,
1991), their proliferative properties can change during devel-
opment. In the CNS of V13, we found that the upregulation of
pros expression had reciprocal effects on cell proliferation: it
was decreased in the embryo but increased in the larva. This is
supported by the finding that Pros can – depending on the
developmental stage – either promote or antagonize the
expression of target genes like dacapo, a cyclin-dependant
kinase inhibitor that promotes cell cycle exit (Liu et al., 2002).
Other genes like the homeobox Vnd protein (which specifies the
ventral NB identity), can either activate or repress transcription
according to context dependent interaction (Yu et al., 2005).
Role of Pros on axonal guidance and sensory-guided behaviors
Although Pros is expressed at a high level in control
embryonic and larval AMC, its involvement in larval taste
responses is still unknown. Gustatory defects observed in the
prosV mutants could result either from hypothetical indirect
effects of Pros misregulation, or from the defective proliferation
of glial cells in relation to axon pathfinding defects. Both
mechanisms are interrelated since pros enables glial precursors
to proliferate in response to neurons (Griffiths and Hidalgo,
2004). If most axonal tracts of the CNS develop in close
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which generally arise from neuro/glioblasts – constitute the
substrate for sensory axons migrating towards the CNS (Sepp et
al., 2001). Moreover, the glial cells of the sensory organ
precursor (SOP) lineages of the michrochaetae present on the
notum express higher Pros levels than do the neurons arising
later in the same SOPs (Gho et al., 1999; Reddy and Rodrigues,
1999b). If the loss of Pros in sensory clones can induce multiple
defects, including the failure of axon pathfinding and neuronal
loss (Manning and Doe, 1999; Reddy and Rodrigues, 1999b),
then glial cells are also important for the neuronal guidance and
migration (i) of photoreceptor axons into the optic stalk of
Drosophila and (ii) of olfactory receptor neurons in the moth
Manduca sexta (Rangarajan et al., 1999; Rossler et al., 1999).
Pros follows a complex spatio-temporal regulation
The variation of pros expression and of Pros level between
tissues and during development suggests that pros follows a
complex spatio-temporal regulation. These Pros variations are
consistent with the dynamic change – increase in V13, decrease
in V1 – noted between embryonic stages 14 and 16. Although
we could not quantify the level of the different mRNA spliced
forms in each neural embryonic tissue, we can speculate that the
S form preferentially resides in the PNS while the L form is
found primarily in the CNS. It is possible that a minimum
amount of the L – but not of the S – form is required for the
proper development of the embryonic CNS, as the mutant
lacking – or having lower levels of – the S form can survive
until late larval stage (Otake et al., 2002; Scamborova et al.,
2004). Alternatively, each mutant prosV allele could induce a
form-dependent effect during embryonic development, as
observed during larval development (Fig. 2A). The fact that
V1 – but not V13 – embryos showed marked anatomical
defects related to the development of their PNS could be related
to the decreased amount of the S mRNA and / or to decrease of
Pros protein and/or Pros+ cells in the embryonic AMC.
For the sake of clarity, we showed only the data obtained
using the four alleles V1, V13, V14 and V17, which displayed
very contrasted developmental and behavioral phenotypes.
However, we must briefly mention the V24 and V26 alleles,
which induced different effect on lethality and behavior
(Grosjean et al., 2003, 2004). V24 individuals which showed
a larvo-nymphal lethality and partly altered larval behaviors had
higher Pros levels in the PNS – except in the AMC – and a
lower level in the brain, than V14 embryos. The V26 mutant
shows milder phenotypes (its adult viability and larval taste
response are rescued but its larval and adult locomotor activity
remain partly altered) and has Pros levels similar to those of
allele V14, except in the VNC. V13, V14, V24 and V26 alleles
differ only slightly in the size of the transposon fragment
inserted at 216 bp upstream of the pros coding sequence
(Grosjean et al., 2001). Given the clear tissue-specific variation
of Pros level that these prosV alleles induce, the promoter of
pros probably contains several regulatory sequences that may
either enhance or silence pros expression in discrete neural
subsets during a given developmental stage. The regulation of
pros was studied only with regard to R7 photoreceptor cellsand no information is yet available for the other neural regions
(Xu et al., 2000). The present data, together with those from our
current experiment involving new fusion-reporter transgenes
made with various fragments of the pros promoter, suggests that
the regulation of pros expression can be uncoupled in the CNS
and in the PNS (L. Guenin and F. Baba-Aïssa, unpublished
data).
In conclusion, our study shows that the pros gene displays a
highly complex pattern of expression that probably determines
with very high fidelity several critical features of the neuronal
network in the larva and in the adult. These features, in turn,
underly the correct realization of complex behaviors that are
necessary for the survival and reproduction of the organism.
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